The heat dissipated in electronic and optical devices limits their operation and requires technologies which provide efficient cooling. Energy harvesting is a modern concept which makes the dissipated heat useful by transferring thermal energy to other excitations. Most of the existing principles for energy harvesting are realized in systems which are heated continuously, for example generating DC voltage in thermoelectric devices. Here we present the concept of high-frequency energy harvesting where the dissipated heat in a sample excites resonant magnons in a 5-nm thick ferromagnetic metal layer. The sample is excited by femtosecond laser pulses with a repetition rate of 10 GHz which results in temperature modulation at the same frequency with amplitude ~1 K. The alternating temperature excites magnons in the ferromagnetic nanolayer which are detected by measuring the net magnetization precession. When the magnon frequency is brought onto resonance with the optical excitation, a 15-fold increase of the amplitude of precession indicates efficient resonant heat transfer from the lattice to coherent magnons. The demonstrated principle may be used for energy harvesting in various nanodevices operating at GHz and sub-THz frequency ranges.
The transfer of thermal energy to mechanical, electrical or magnetic excitations is of great interest and is widely considered for energy harvesting when waste heat is transferred to more usable types of energy [1] . The rational utilization of heat is a critical task for nanoscale electronics, where operations are accompanied by extensive production of parasitic heat. Nanoscale devices for communication and computing operate with digital signals, which are generated by ultrafast current or optical pulses with high repetition rate. The heat generated in this case is also modulated at the same frequency and could be transferred to non-thermal types of excitation which become the elements of the energy harvesting process. This process would be most efficient in the case of resonance, when the modulated heat is transferred to a sub-system with the same intrinsic frequency. Resonant heat transfer is widely used in photo-acoustics and was proposed for the first time by Bell in 1881 [2] . There the modulated optical signal is absorbed in a system with acoustic resonance at the frequency of modulation and as a result the modulated heat resonantly excites the acoustic wave. Modulation frequencies in photo-acoustics do not exceed the MHz frequency range [3] , while thermomodulation with frequencies up to 400 GHz [4] is used in picosecond ultrasonics for studying sub-THz coherent phonon dynamics.
Here we propose to convert high frequency (GHz) modulated heat to magnons, which are collective spin excitations in magnetically ordered materials. The manipulation of coherent high-frequency magnons on the nanoscale is one of the most prospective concepts for information technologies [5] , also in the quantum regime [6] . While the most common way to excite coherent magnons is non-thermal and based on microwave techniques [7] , thermal 2 methods have proven successful in ferromagnetic metals. These methods are based on ultrafast modulation of the magnetic anisotropy induced by rapid lattice heating, e.g. due to the absorption of optical pulses [8, 9] . In ferromagnetic metals, the intrinsic magnon frequency depends on the external magnetic field and may be varied between ~1 and ~100 GHz [10] . This range covers the clocking frequency for most electronic devices and, thus, magnons are suitable to receive dissipated heat modulated at the resonant frequency.
In the present paper, we introduce the concept of transferring heat dissipated in a semiconductor from the relaxation of hot electrons excited by a 10-GHz laser to coherent magnons. In our experiments the energy harvester is a metallic ferromagnetic film of 5-nm thickness grown on a semiconductor substrate. We demonstrate an efficient heat-magnon transfer by measuring a 15-fold increase of the fundamental magnon mode amplitude at the resonance conditions. The experiments and related theoretical analysis show that GHz modulation of the temperature on the scale of ~1 K is sufficient for the excitation of magnons with amplitude reliable for the operation of spintronic devices.
Results
The ferromagnetic energy harvester is a 5-nm layer of Galfenol (Fe0.81Ga0.19) grown by magnetron sputtering on a (001) semi-insulating GaAs substrate and covered by a 2-nm Cr cap layer to prevent oxidation. The chosen composition of Fe and Ga is characterized by a high Curie temperature (Tc≈900 K) and large saturation magnetization M0 [11] . Room temperature experiments were carried out with an external magnetic field, B, applied in the layer plane at an angle /8 from the [100] crystallographic direction, which corresponds to the maximal sensitivity of the magnetization, M, to the temperature-induced changes of the magnetic anisotropy [12] . In the studied layer the lowest, fundamental mode of the quantized magnon spectrum is well separated from the higher-order modes due to the large exchange mode splitting [12] . As a result, the magnon spectrum consists of a narrow single spectral line of Lorentzian shape with a width of ~100 MHz. An example of the magnon spectrum measured by monitoring the magnetization precession excited by a single optical pulse is shown in Fig. 1a (for details see Methods section). The magnon frequency f depends on B, and the right panel of Fig. 1a shows f(B) for the chosen experimental geometry. Fig. 1b illustrates a schematic of the pump-probe experiment for magnon energy harvesting from high-frequency modulated heat. We use an Asynchronous Optical Sampling System (ASOPS) [13] with two Titanium sapphire lasers (Taccor x10 and Gigajet 20c from Laser Quantum): the pump laser used for modulation of lattice temperature has wavelength 800 nm, pulse duration 50 fs, average power up to W=150 mW and repetition rate f0=10 GHz. The second laser with repetition rate of 1 GHz (wavelength 780 nm, pulse duration 50 fs) is used to probe the response of the magnons to the high-frequency heat modulation by means of the transient polar Kerr rotation effect. The pump and probe beams are focused on the Fe81Ga19 layer into the overlapping spots of 10 m and 8 m diameter, respectively, using different sectors of the same reflective microscope objective [for details see Ref . 14] . The idea of the experiments illustrated in Fig. 1a is to exploit the thermal modulation for exciting coherent magnons and to monitor the magnetization precession by transient Kerr rotation (KR) measurements of the out-of-plane magnetization projection, , for various values of B. We expect a resonant increase of the precession amplitude at the resonances when B=Bn, which correspond to f = fn = nf0, where n is an integer. The expected values of Bn for the first three harmonics are shown in the right panel of Fig. 1a by vertical arrows. Figure 2 shows the transient magneto-optical Kerr signals measured for W=95 mW and various values of B. The signals measured in the vicinity of the first resonance (n=1) have a harmonic shape. At these conditions, we fit the signals by a sine function ( ) = sin( 1 + ) where ω1=2πf0, and AB and φB are the magnetic field dependent amplitude and phase of the harmonic oscillations. Times t=0 and 100 ps correspond to the excitation of the sample by the pump pulses. It is seen that the maximum amplitude of the signal takes place when B=B1=44 mT, which corresponds to the first resonance f=f1 [see Fig. 1a ]. In the vicinity of the resonance the phase changes from φB= -π/2 for B<B1 to φB=+π/2 for B>B1. At the resonance φB≈0. Similar results are observed for the signals measured in the vicinity of the second resonance (n=2). The amplitude of the oscillations at B=B2=250 mT are 1.4 times smaller than for the first resonance and the same conclusions as for the first resonance can be made concerning the field dependences of the amplitude and phase of the signal around B2. Away from the resonances the signals are periodic but not harmonic. An example of a non-resonant signal measured at B=190 mT is presented in the right panel of Fig. 2 . The amplitude of the signal is much smaller than in the case of the resonance and the temporal shape is impossible to fit with a single sine function. To plot the dependence of the measured signal amplitude as a function of B we present the root-mean-square (RMS) amplitude ̃ of the measured KR signal. The symbols in Fig. 3a show the field dependences ̃( ) for three pump excitation powers W. It is clearly seen that the dependences have peaks at the resonant values of Bn corresponding to n = 1, 2 and 3. The values of the measured resonance fields Bn shift to slightly higher fields when W increases. We explain the shift by the heating-induced decrease of the magnon frequencies with the increase of Δ [15] and the model presented below fully supports this explanation. Fig. 3b shows the zoomed fragments of the field dependence of the amplitude and phase, respectively, obtained for the first resonance at W=95 mW. The 15-fold increase of ̃ at the resonance condition is clearly seen by comparison with the out-of-resonance RMS amplitude shown by the horizontal dashed line in the upper panel of Fig. 3b .
Discussion
In the analysis, we consider thermal modulation as the main mechanism for magnon excitation in our experiment and do not take into account other mechanisms (e.g. modulated strain). Such an approach is based on previous experiments and theoretical analysis where various mechanisms of magnon excitation in galfenol were considered [16] . For a theoretical analysis of resonant thermal excitation of magnons we consider the precession of the magnetization in a time-dependent effective field Beff as schematically shown in Fig. 2 . The magnetization kinetics are described by the Landau-Lifshitz-Gilbert equation as [7] :
where = / 0 is the normalized magnetization and α is the Gilbert damping parameter. The effective magnetic field is determined as ( , ) = −∇ ( , ), where FM is the normalized free energy density. Due to the temperature dependence of the cubic and uniaxial anisotropy coefficients in FM [16] , the vector Beff follows the temporal temperature evolution T(t) shown in Fig. 1c , which can be written in the form of a Fourier series expansion:
Here the amplitude and phase of the n th harmonic are = T vary in the ranges 10 to 42 K and 0.25 to 1.1 K, respectively. With the assumption that the magnetization precession amplitude is much smaller than M0, one can obtain the system of equations for the dynamic magnetization components, where the thermal modulation of the anisotropy coefficients alters Beff and generates the tangential driving force, Q, acting on the magnetization [16] . For the modulation by alternating temperature T(t) described by Eq. 
where An(B) and φn(B) are the time-independent amplitude and phase, respectively, for the n th harmonic. Details of the calculations of An(B) and φn(B) and the corresponding parameters are presented in the Methods section. Figure 3c shows the field dependences of the calculated RMS amplitude of magnon oscillations for three values of W. There is perfect agreement between the calculated and measured spectral shapes. This agreement is explicitly demonstrated in the zoomed dependences of the RMS amplitude and phase shown in Fig. 3b , where the calculated dependences (solid lines) for n=1 and W=95 mW are presented together with the experimental values. Similar agreement is observed also for the higher n and all W. The shift of the spectral lines towards higher fields with increasing W is due to the increase of the background heating Δ which leads to a decrease of M0 and the anisotropy coefficients [15] . Ultimately this results in a decrease of precession frequency and a respective shift of the resonance magnetic fields to higher values.
The power dependence of the resonant magnon amplitude for n=1 in the studied sample is shown in Fig. 3d . This figure also shows the values of T and T. As one can see, for the used excitation powers the response of the magnon sub-system remains linear. The calculated amplitudes of the magnetization precession reach 0.1% of the saturation magnetization. The precession amplitude estimated from the absolute values of the Kerr rotation angle in the transient Kerr signal [12] has a value of ~0.1%M0 which is of the same order as the calculated one. Such an amplitude is large enough for prospective spintronics applications: detection of spin currents by means of spin pumping [18, 19] ; manipulating single spin states in NV-centers in nanodiamonds by the generation of microwave magnetic fields [20] ; excitation of propagating spin waves in magnonic devices [21] .
For the practical use of resonant energy harvesting in a device excited optically or electrically, it will be important to achieve high efficiency of the transformation of the modulated part of the excitation energy into the oscillations of magnetization. This efficiency is defined by the ratio of the magnetization precession amplitude Mz and excitation power W. Figure 3d shows a linear dependence of Mz(W) and, thus, the efficiency does not depend on W at room temperature where all the thermal parameters are independent of T. It is convenient to define also the dimensionless coefficient, =T/T, which governs the amplitude of the temperature modulation relatively to the parasitic heating, T. It is favorable to have  as large as possible. The value of  depends on the optical and thermal parameters of the substrate and ferromagnetic nanolayer, which plays the role of harvester. In our particular experiment, where both the Fe0.81Ga0.19 nanolayer and the GaAs substrate are excited optically we get =2.5x10 -2 (see Fig. 3d ). The geometrical factors, e.g. the excited area and penetration depth, for optical excitation are important and govern the cooling rates of the structure. An efficient way to increase  and the efficiency of the heat-magnon transfer would be to use a multilayer structure where T is governed by the rapid escape of heat to the substrate while the high frequency thermal waves which define T are localized inside or in the vicinity of the harvester layer.
To conclude, we have demonstrated how the heat generated during 10 GHz pulsed optical excitation is used for the generation of resonant magnons. The amplitude of the magnetization precession at the fundamental magnon frequency increases enormously when the repetition rate of the optical pulses is equal to the magnon frequency. The resonances also occur at the higher harmonics frequencies, i.e. 20 and 30 GHz. The amplitude of the temperature modulation of order ~1 K is sufficient to generate an AC magnetization with an amplitude of 1 mT [22] which is enough to be exploited in various applications including information and quantum technologies. The concept of resonant heat transfer can be considered as a prospective method to generate magnons in ferromagnetic layers deposited on processors and other microchips operating at GHz and sub-THz clock frequencies.
